In this work, density functional theory calculations were carried out to explore the mechanical response, dynamical/thermal stability, electronic/optical properties and photocatalytic features of monoclinic As2X3 (X=S, Se and Te) nanosheets. Acquired phonon dispersions and ab-initio molecular dynamics results confirm the stability of studied nanomembranes. Observation of relatively weak interlayer interactions suggests that the exfoliation techniques can be potentially employed to fabricate nanomembranes from their bulk counterparts. The studied nanosheets were found to show highly anisotropic mechanical properties. Notably, new As2Te3 2D lattice predicted by this study is found to exhibit unique superstretchability, which outperforms other 2D materials. In addition, our results on the basis of HSE06 functional reveal the indirect semiconducting electronic nature for the monolayer to few-layer and bulk structures of As2X3, in which a moderate decreasing trend in the band-gap by increasing the thickness can be established. The studied nanomaterials were found to show remarkably high and anisotropic carrier mobilities. Moreover, optical results show that these nanosheets can absorb the visible light. In particular, the valence and conduction band edge positions, high carrier mobilities and optical responses of As2Se3 nanosheets were found to be highly desirable for the solar water splitting. The comprehensive vision provided by this study not only confirm the stability and highly attractive electronic and optical characteristics of As2S3, As2Se3 and As2Te3 nanosheets, but also offer new possibilities to design superstretchable nanodevices.
Introduction
Among various classes of materials, two-dimensional (2D) nanomaterials can be currently considered as the most vibrant family, in which new members are continuously being theoretically predicted and experimentally realized. Outstanding attentions to this group of materials originates from the wide range of application prospects and also the unique properties of its members, with exceptional abilities to exhibit diverse and contrasting properties. Graphene [1] [2] [3] , the 2D form of carbon atoms, also called as the wonder material is the most prominent member of 2D materials, which shows a unique ability to simultaneously exhibit remarkable mechanical stiffness [4] , ultrahigh thermal conductivity [5] and exceptional optical and electronic features [3, [6] [7] [8] . Graphene is already stepping into some critical technologies, such as; nanoelectronics, optoelectronics and aerospace industry.
Graphene can be also considered as the representative member of 2D materials with highly symmetrical and isotropic lattices, which includes also other well-known compositions, like; hexagonal boron-nitride (h-BN) [9, 10] , silicene [11, 12] , germanene [13] , indium selenide [14] and 2H and 1T phases of transition metal dichalcogenides [15, 16] . The 2D materials diversity can be also seen in the broad range of atomic structures, with large number of compositions showing anisotropic lattices, such as; borophene [17, 18] , phosphorene [19] [20] [21] and few very low-symmetry systems, like 1T' phases of transition metal dichalcogenides [22, 23] and germanium phosphide [24] . By having a glance on the existing rich literature, it is conspicuous that the majority of researches have been devoted to fabricate and explore the properties of isotropic and symmetrical 2D lattices. During the past few years, however anisotropic 2D lattices like; borophene and phosphorene have been among the most attractive and active fields of researches in 2D materials. In such a trend, most recently low-symmetry 2D systems are also gaining remarkable attention, in order to design novel devices, in which the conventional and highly symmetrical materials fail to deliver the desirable performance.
This new trend is due to the fact that low-symmetry materials can yield highly anisotropic properties and these features can be accordingly utilized in order to engineer directiondependent systems, such as polarized optics and photodetectors, digital inverters, and artificial synaptic devices [24] [25] [26] [27] .
In recent years, arsenic based layered materials have gained remarkable attentions for the applications in electronic devices, sensors, and energy systems [28] [29] [30] . As2S3 and As2Se3 with monoclinic structures are bulk-layered materials, which belong to the anisotropic material family. Recently, As2S3 in the 2D form was experimentally realized by Siskins et al. [31] , which shows outstanding chemical stability and highly anisotropic mechanical and optical properties. Motivated by this latest experimental advance, in this work our objective is to explore the dynamical and thermal stability, mechanical response, electronic and optical characteristics of monoclinic As2X3 (X=S, Se and Te) nanosheets. In particular, we elaborately analyze the direction dependency of the mechanical and optical properties of these novel nanosheets. Worthy to mention that among all areas for the application of 2D materials, energy storage and conversion systems are among the most appealing and attractive ones. In particular, the production of hydrogen fuel via the solar water splitting and design of advanced rechargeable metal-ion batteries, using the 2D materials as active building blocks have been extensively explored during the last decade [32] . The tremendous interests toward the employment of 2D materials in the energy storage/conversion systems originate from their large surface to volume ratio, outstanding mechanical flexibility, remarkably high electron mobility and chemical and thermal stabilities. Therefore, in this study we particularly evaluate the suitability of As2X3 (X=S, Se and Te) nanomembranes for the overall solar water splitting, with respect to their electronic band structure, carrier mobilities and optical characteristics.
Computational methods
Geometry relaxations and electronic/optical structure calculations in this work were all performed via density functional theory (DFT) calculations using the Vienna Ab-initio Simulation Package (VASP) [33] [34] [35] . We employed the generalized gradient approximation (GGA) and Perdew−Burke−Ernzerhof (PBE) [36] method with a plane-wave cutoff energy of 500 eV. We also adopted the dispersion scheme of DFT-D2 [37] to more accurately take into account the Van der Waals (vdW) interactions. The convergence criterion for the electronic self-consistent-loop was set to be 10 -4 eV. For the ab-initio calculations periodic boundary conditions were applied along all three Cartesian directions. For the monolayer systems the simulation box size along the sheets normal direction (z direction) was set to 20 Å to avoid the interactions with adjacent layers. For the multi-layered structures this length was accordingly increased so that no adjacent layer artifacts occur. The geometry optimizations were achieved using the conjugate gradient method with the a convergence criterion of 0.01 eV/Å for Hellmann-Feynman forces, in which a 7×7×1 Monkhorst-Pack [38] k-point mesh size was used. Uniaxial tensile simulations were carried out to evaluate the mechanical properties, by applying the strain levels gradually. In this case in order to ensure the satisfaction of unidirectional stress conditions, after applying the strain levels and subsequent conjugate gradient geometry optimization, the box size along the transverse direction of loading was adjusted to reach negligible stress values (less than 0.02 N/m). Since PBE systematically tends to underestimate the band gaps of semiconductors and insulators due to the self-interaction errors, screened hybrid functional of HSE06 [39] was employed to more accurately estimate the electronic structures.
In order to calculate the second order force constants, density functional perturbation theory (DFPT) simulations were performed over 2×5×1 super-cells. We then employed PHONOPY code [40] in which the DFPT results were used as the input in order to acquire phonon dispersions. Ab-initio molecular dynamics (AIMD) simulations were conducted with a time step of 1 fs, over 2×3×1 super-cell structures, using a 2×2×1 k-point mesh size. Optical calculations were performed on the basis of Bethe Salpeter and Casida equation [41] constructed over the HSE06 results, as implemented in the VASP using 3×7×1 k-point grid.
Carrier mobility for the considered 2D systems were calculated from the deformation potential approximation [42] via: ℏ 3 2 / * ( ) 2 , where K is the boltzmann constant, ℏ is the Planck constant, C2D is the elastic modulus along the transport direction, m * is the effective mass of the carrier in the same direction, md is the average effective mass in the two directions and E i L mimics the deformation energy constant of the carrier due to phonons for the i-th edge band along the transport direction.
Results and discussions
Energy minimized As2S3, As2Se3 and As2Te3 monolayers with rectangular primitive unit-cells, monoclinic lattices and Pmn21 space group are illustrated in Fig. 1 . Each primitive unit-cell contains two formula units of As2X3 (X=S, Se and Te) obeying the octet rule, in which As atoms are three coordinated (three As-X bonds) and X atoms are two coordinated (two As-X).
This bonding pattern results in nanoporous sheets that are made exclusively of As-X bonds. It is shown, these structures show anisotropic atomic lattices. The lattice constants of bulk As2S3 along the x and y directions, were experimentally measured to be 11.46 and 4.22 Å, respectively [43] . These values are very close to our predicted corresponding values of 11.359 and 4.456 Å, respectively, for the single-layer As2S3, on the basis of PBE and DFT-D2 [37] vdW dispersion correction. Worthy to note that with the pure PBE the corresponding lattice constants for the As2S3 monolayer were found to be 11.391 and 4.607 Å, respectively.
While the predicted lattice constants along the elongated direction (x direction) are very close to that of the bulk structure with and without vdW dispersion correction, it is apparent that the incorporation of dispersion correction yields more accurate estimation for the lattice length along the other in-plane direction (y direction). By increasing the weight of chalcogen atoms in the considered monolayers, the lattice constant along the elongated direction (x direction in this work) increases, whereas the lattice length along the perpendicular direction (y direction in this work) remains almost unaffected. To facilitate the future studies, the energy minimized single-and double-layer lattices in the VASP native format are included in the supporting information document. In Fig, 1 the electron localization function (ELF) [44] within the unit-cells are plotted to investigate the bonding mechanism in these nanosheets.
We remind that ELF is a three-dimensional function with a value ranging between 0 and 1.
Generally ELF values close to 1 indicate strong covalent bonding or lone pair electrons, while smaller ELF values (≤ 0.5) correspond to metallic or ionic bonds, and low electron density localization. It can be clearly seen that electron localization is happening around the center of arsenic and chalcogen atoms, which can be assigned to their lone pair electrons.
Rather smaller, but still large electron localization is observed in between arsenic and chalcogen atoms along the As-X bonds, implying the dominance of covalent interactions in the considered nanosheets. As it is clear from the side views shown in Fig. 1 , by increasing the weight of chalcogen atoms the ELF contour around the center of chalcogen and arsenic bonds enhance. This can be an indication for the improvement of the covalent bonding in these systems. As a common approach to examine the stability of novel 2D materials, we first study the dynamical stability of As2S3, As2Se3 and As2Te3 monolayers by plotting the phonon dispersion relations, as shown in We next investigate the feasibility of isolation of single-or few-layer As2X3 (X=S, Se and Te) nanomembranes from their multi-layered or bulk counterparts. In order to address this important property, we evaluate the cleavage energies for the exfoliation process and compare the predicted energies with other well-known successfully isolated monolayers. As a common approach in this case we considered six-layered slab for every structure, in which the top layer was gradually moved toward the vacuum and the change in the energy was recorded. Worthy to note that for the construction of six-layered slabs we used the same stacking pattern as that in the bulk arsenic trichacogenides systems. As shown in Fig. 3 results, for the all considered systems after the separation distance of 6 Å the cleavage energy convincingly converges and for higher separation distances the effects of Van der Waals interactions become negligible. According to our simulations the cleavage energies for As2S3, As2Se3 and As2Te3 monolayers were calculated to be 0.23, 0.33 and 0.52 J/m 2 , respectively.
Notably, the cleavage energies for As2S3 and As2Se3 nanosheets are smaller than the experimentally calculated cleavage energy for graphene (0.37 J/m2) [46] , which highlight the feasibility of fabricating these monolayers from their bulk counterparts. On the other side, to the best of our knowledge to date the As2Te3 multi-layered systems with the monoclinic lattice have not been reported. Therefore, for this structure the chemical growth techniques should be employed to fabricate nanomembranes. Nonetheless, although the exfoliation energy for As2Te3 nanosheets is by around 40% higher than that of the graphene, it is yet almost half of that for experimentally realized Ca2N monolayer (1.09 J/m 2 ) [47] . Next, we explore the mechanical properties of As2S3, As2Se3 and As2Te3 nanomembranes according to the uniaxial tensile results. Because of the anisotropic nature of studied nanomaterials, uniaxial tensile simulations were conducted along the x and y planar directions. Because of the layered structures and the existence of vacuum along the sheets normal direction, after the relaxation process the stress along the normal direction of the sheet is negligible. Nonetheless, after the application of loading strain normally the stress in the perpendicular direction of loading evolve due to the Poisson's effect. This way to satisfy the unidirectional stress condition, the box size along the perpendicular direction of loading was altered such that after the relaxation the aforementioned effect gets compensated and the absolute value of stress stay within a negligible range (less than 0.03 N/m). In Fig. 4 the estimated uniaxial stress-strain responses of As2S3, As2Se3 and As2Te3 nanosheets along x and y directions are compared. As it is clear, the stress-strain relations are completely different along the two different loading directions, due to the highly anisotropic nature of the studied nanosheets. These stress-strain curves follow the usual trends observable in other conventional materials, as they start with an initial linear relation and after reaching a yield point they continue by a nonlinear response. We remind that the slope of initial linear section in the stress-strain can be used to extract the elastic modulus. It is interesting that the initial parts of the stress-strain curves for the considered nanosheets are very close, which reveals that the type of chalcogen atoms in these lattices does not considerably affect the elastic modulus. The elastic modulus of As2S3, As2Se3 and As2Te3 along the x direction was measured to be 29.3, 28.7 and 27.3 N/m, respectively, which are by around a factor of three higher than those along the y direction, 8.3, 9.0 and 9.9 N/m, respectively. On the other side, it is clear that for the uniaxial loading along the x direction, the initial linear response covers the majority of stress-strain curve, whereas for the loading along the y direction the nonlinear section becomes more pronounced. These initial observations reveal that along the x direction these nanomaterials are elastic and brittle, whereas along the y direction they show superstretchability, likely to rubber. The predicted stress-strain relations also reveal that along the x direction these nanosheets show distinctly higher tensile strengths as compared with the y direction. The tensile strength of As2S3, As2Se3 and As2Te3 along the x direction was found to be 5.7, 4.6 and 3.4 N/m, respectively, which are by more than two folds higher than those along the y direction, 2.3, 2.0 and 1.7 N/m, respectively. Unlike the elastic modulus, it is clear that by increasing the weight of the chalcogen atoms in the As2X3 monolayers the tensile strength decreases monolithically. The nature of highly anisotropic mechanical properties of considered nanosheets can be also well explained by the predicted stress-strain relations. Basically the bond elongations during the loading condition result in the sharp increase in the stress values. However, the structural deflections such as the bond rotations and the contraction of the sheets along the perpendicular direction of loading can facilitate the deformation and result in smoother increase in the stress values. Highly linear and brittle behavior for the uniaxial loading along the x direction suggests that for this loading the deformation is dominated by the bond elongation. Since the stretchability of a chemical bond is an intrinsic property and thus limited, the structures fail at relatively low strain levels. On the other side, for the loading along the y direction the elastic modulus is much lower than the x direction, which implies that from the early stages of the loading the deformation is not only achieved by the bond elongation but also with structural deflection. After the initial linear response and especially for the cases of As2Se3 and As2Te3 nanosheets, the stress values evolve very smoothly which suggest that the structural deflections outperform the bond elongations during the deformation process.
This anisotropic deformation mechanism in the considered nanosheets can be also explained by considering the atomic structures at different strain levels, as compared in Fig. 5 . It is clear that even for the loading along the x direction, during the loading the sheet contracts considerably along the width. Such that the structural deflections also happen for the loading along this direction, though the bond elongation yet dominates the deformation. In this case, the As-X-As bonds that are oriented along the loading undergo remarkable stretching and subsequently the final rupture occurs by the breakage of As-X bonds. This way, the lower tensile strength by increasing the weight of chalcogen atoms confirms that the strength of As-X bonds decreases accordingly. When comparing with the loading along the y direction, due to the unidirectionality of the lattice porosity with the stretching direction, there exists more available space for the sheet contraction during the deformation. Beside this, some As-X bonds during the deformation and sheets contraction become oriented along the loading direction. In this case the chalcogen atoms can behave like pivots which remarkably facilitate the deformation and stretchability as well. To provide a better comparison, we remind that the stretchability of pristine graphene and hexagonal boron-nitride are around ~0.27 [48] and 0.3 [49] , respectively. This way, the stretchability of As2S3 and As2Te3 are by more than two and three folds larger than graphene, respectively. To the best of our knowledge, Borongraphdiyne with the graphene-like and highly porous atomic lattice yields the highest stretchability of 0.88, which outperforms other 2D materials [50] . It is amazing that the much denser As2Te3 nanosheet outperforms Boron-graphdiyne with respect to the stretchability.
This highly attractive observation can be attributed not only to the nanoporosity in the atomic lattice and the possibility of the As2X3 structures to contract considerably during the loading, but also to the pivot like behavior of chalcogen atoms in these systems. As the interests toward the stretchable and wearable electronics are continuously increasing, our findings may serve as useful guides to guide the design of other superstretchable 2D semiconductors. We next examine the electronic properties of arsenic trichalcogenide nanosheets by calculating their HSE06 electronic band structures. Fig. 6 shows the electronic band structures and partial density of states (PDOS) of the monolayer and bilayer As2X3. We first focus on the electronic properties of the single-layer structures. One can clearly see that
As2X3 monolayer are semiconducting with indirect band gaps of 3.277 eV for As2S3, 2.596 eV for As2Se3, and 1.774 eV for As2Te3 monolayer on the basis of HSE06 functional. Worthy to note that in an earlier study by Debbichi and co-workers [43] , the band gap of As2S3 and As2Se3 monolayers were reported to be 2.95 and 2.25 eV, respectively, which are by around 10% smaller than our estimations. The discrepancy between our results can be attributed to the fact that in the aforementioned study authors did not consider the vdW dispersion correction, which as discussed earlier result in the overestimation of lattice constant along the y direction. According to the both HSE06 and PBE (find Fig. S3 ) functional for the studied monolayers, the valance band maximum (VBM) occurs at certain k-points on Γ-Y path, while the conduction band minimum is located at Γ point. Worthy to also mention that our results for the electronic band structures within the PBE functional (shown in Fig. S3 ) suggest that the spin-orbit coupling (SOC) is convincingly negligible in the studied nanosheets. It is conspicuous that the band gap decreases with increasing the weight of chalcogen atom. We calculated the charge density distributions at VBM and CBM of the studied monolayers and the acquired results for As2S3 monolayer are shown in Fig. 7 (find Fig. S5 for As2Se3, and As2Te3 lattices). Our results for PDOS and charge density distributions indicate that VBM is mainly derived from lone pair electrons of chalcogen atoms with a minor contribution of antibonding (As-X)in-plane σ* states. It is apparent that lone pair electrons of larger atoms in a group are found at higher energy levels. Consequently, the VBM moves upward when X changes from S to Te and consequently resulting in smaller band-gaps. On the other hand, the CBM is equally contributed by p orbital of As and X atoms, representing bonding (As-X)in-plane π and antibonding (As-X)vertical σ* states. Fig. 7 , Top and side views for the calculated charge density distributions of VBM and CBM states of As2S3 monolayer using the HSE06 method. Due to the similarity in the electronic structure of As2S3, As2Se3, and As2Te3 monolayers, the results for only As2S3 monolayer are shown here and those for other two monolayers are presented in the Fig. S5 . The iso-surface value is set to 0.003 e/Å 3 .
The electronic properties of these 2D materials also exhibit sensitivity with respect to the number of layers, due to the quantum size confinement effects. To examine the quantum confinement effects in arsenic trichalcogenides, we also calculated the electronic band structures of their bilayer and bulk counterparts. We used the same stacking pattern as in bulk arsenic trichacogenides to construct the bilayer systems. It is found that although in a few cases the transition k-points changed compared to those of the monolayer counterparts, the indirect band-gap nature was found to be intact for bilayer and bulk systems (shown in Fig.   S3 ). For the bilayer As2S3, As2Se3 and As2Te3 the band-gaps were found to be 2.928, 2.202 and 1.252 eV, respectively, which are close to those of the bulk lattices, 2.865, 1.958 and 0.937 eV, respectively. As it is clear, the band-gap drops somewhat considerably from the monolayers to bilayers, but from the bilayer systems the effects of quantum confinement suppress. Our analysis of charge density distributions of bilayer systems indicates that their
VBMs are made of antibonding interaction between the VBMs of the two layers, while the CBMs come from bonding interaction between the CBMs of the two layers. Consequently, the VBM energetically shifts upward and CBM moves downward resulting in smaller band gaps than their monolayer counterparts. In the future studies, the effects of mechanical straining, defects and impurities [51] [52] [53] [54] [55] [56] [57] [58] can be studied on engineering of the electronic properties of these novel 2D systems.
It is well-known that hydrogen fuel can yield exceptionally high energy density among all types of fuels, which highlights the promising application prospect of producing this fuel via the solar water splitting methods. Because of the semiconducting electronic nature of studied nanosheets, we next examine their application prospect for the overall solar water splitting, which involves two redox half reactions:
Reduction: 2H + (aq.) + 2e -→H2(g) (1)
Oxidation: 2H2O→ O2(g) + 4H + (aq.) + 4e - (2) At pH equal to zero, the H + /H2 reduction potential and the O2/H2O oxidation potential are −4.44 and −5.67 eV, respectively [59, 60] . On this basis the minimum band-gap for this process is 1.23 eV, which can be satisfied by all three studied nanosheets in this work.
Nevertheless, for the successful water splitting the exact positions of CBM and VBM should be also taken into account. In another word, a semiconductor can be suitable for the water splitting only if it yields a VBM less negative than the H + /H2 reduction potential and a CBM edge more negative than the O2/H2O oxidation potential. To explore the satisfaction of aforementioned aspects, the CBM and VBM positions for the monolayer and bilayer As2S3, As2Se3 and As2Te3 nanpsheets with respect to the vacuum level (set at 0 eV) along with the H + /H2 reduction and O2/H2O oxidation energy levels for the water splitting at pH=0 and 7 are compared in Fig. 8 . As it can be seen As2S3 and As2Se3 nanosheets completely satisfy the mandatory band positions, while As2Te3 counterparts fail for the H + /H2 reduction process, though they are yet suitable for O2/H2O oxidation. By considering the energy levels for the reduction and oxidation processes, it can be seen that the As2Se3 nanosheets yield closer values to the energy limits and thus they are more suitable for the water splitting than As2S3 counterparts. Our results nonetheless suggest that As2S3 and As2Se3 nanosheets offer suitable electronic structure for the overall solar water splitting under various environments with different pHs. Carrier mobility is one the most important parameters of any semiconductor material, determining its suitability for practical use in a variety of electronic devices. In fact, a high charge carrier mobility directly influences the performance of the devices. To examine how fast a photogenerated carrier in arsenic trichalcogenide will be, we used deformation potential theory combined with the effective mass approximation to calculate the electron and hole mobilities of As2X3 monolayers along x and y directions. Table 1 summarized the calculated elastic modulus (C2D), effective mass (mi * ), deformation potential constant (E j 1), and carrier mobility (μi) of As2X3 monolayers. From the table, one can clearly see that for the studied monolayers, electron mobilities are appreciably larger than the hole mobilities along both x and y directions. Such a considerable difference between the electron and hole mibilities may offer desirable conditions for the more effective separation of photogenerated electron and holes, which consequently enhances the efficiency in the hydrogen fuel generation. The electron mobilities along x and y directions were found to be 1075.47 and 2744.14 cm 2 V -1 S -1 for As2S3,779.33 and 3384.80 cm 2 V -1 S -1 for As2Se3, and 433.08 and 368.31 cm 2 V -1 S -1 for As2Te3, respectively, indicating that arsenic trichalcogenides possess anisotropic electron mobilities as expected from their highly directional porosity. Same behavior is also observed for the hole mobilities along x and y directions. The calculated mobilities are smaller than those of phosphorene ~10000 cm 2 V -1 S -1 [61] while appreciably larger than those of some other 2D materials like MnPSe3 ~626 cm 2 V -1 S -1 [62] and MoS2 ~200 cm 2 V -1 S -1 [63] .
According to the results included in table 1, the huge difference between the mobilities of the electrons and holes originates mainly from difference in their calculated deformation potential energies. This can be simply understood by considering the point that for the three monolayers, VBM represents anti-bonding (A-X)in-plane σ* states, while CBM is made of bonding (As-X)in-plane π and antibonding (As-X)vertical σ* states. It is apparent that in-plane σ*(VBM) state is much more sensitive towards the in-plane lattice dilation than in-plane π states(CBM), resulting in much larger deformation potential energies for holes along the two directions. Table 1 . Elastic Modulus (C2D), effective mass ( * , ℎ * ) of electrons and holes with respect to the free-electron mass (m0), deformation potential constant of VBM and CBM ( 1 , 1 ), and mobility (e,h) of electrons and holes along x and y directions for As2X3 monolayers. All parameters presented in the We next explore the optical properties of single-layer and bilayer As2S3, As2Se3 and As2Te3 according to the BSE+HSE06 method results. Because of the highly anisotropic nature of the considered nanosheets the optical properties were also calculated along the both planar directions. In addition to having an appropriate band-gap value and high carrier mobilities, a semiconductor is expected to also absorb a significant portion of the incident visible light in order to be suitable for photocatalytic activity and water splitting accordingly. We thus examined the photoactivity of arsenic trichalcogenide monolayers and bilayers, by calculating their optical absorption spectra as shown in Fig. 9 . It can be seen that As2Se3 and As2Te3 monolayers and bilayers exhibit optical absorption in the visible region. However, although As2S3 monolayer and bilayers show proper band edge positions for the photocatalytic water splitting under different pH conditions, they show very low optical absorption in the visible region, indicating that they might have no photocatalytic activity for solar water splitting. It can be thus concluded that among the all studied nanosheets, As2Se3 nanosheets exhibit the brightest performance for the overall solar water splitting. Fig. 9 , Optical properties of As2X3 nanosheets along the x (XX) and y (YY) directions predicted by the BSE+HSE06 method.
Summary
In this work, we explored the mechanical properties, stability, electronic/optical features and photocatalytic characteristics of monoclinic As2X3 (X=S, Se and Te) nanosheets via DFT calculations. While As2S3 and As2Se3 in the bulk form are already available in the nature, we predicted a novel stable As2Te3 2D lattice, with the similar atomic lattice as that of the monoclinic As2S3 or As2Se3. Desirable thermal and dynamical stability of all studied nanosheets were confirmed by the phonon dispersions and ab-initio molecular dynamics results. In addition, relatively weak interlayer interactions in the multi-layered As2S3 and As2Se3 nanosheets confirm that the exfoliation methods can be employed to fabricate these nanomembranes from their bulk counterparts. Uniaxial tensile simulation results reveal highly anisotropic mechanical properties of As2X3 nanosheets. Notably, our results confirm that stretchability of As2S3 and As2Te3 are by more than two and three folds larger than graphene, respectively. Particularly, As2Te3 nanosheet was found to outperform other known 2D materials with respect to the stretchability. This observation can be used to guide the design and synthesize of other superstretchable 2D materials. HSE06 functional results confirm the semiconducting electronic nature for the monolayer to few-layer and bulk As2X3 lattices. Moreover, our electronic structure results reveal the indirect band-gap in the studied 2D systems, in which decreasing trends in the band-gap values by increasing the thickness exist. Notably, HSE06 estimations confirm that As2S3 and As2Se3 nanosheets can exhibit suitable valence and conduction band edge positions for the overall solar water splitting under various environments with different pHs. Therewith, the studied nanosheets were found to yield remarkably high and anisotropic carrier mobilities. It was found that electron mobilities are considerably larger than those for holes. In addition, optical results show that these nanosheets can absorb the visible light. In particular, As2Se3 nanosheets were found to yield highly promising electronic structure, electron and hole mobilities and optical features for the application in hydrogen fuel production via solar water splitting. Our extensive firstprinciples results provide a comprehensive vision concerning the stability, mechanical, electronic and optical characteristics of As2S3, As2Se3 and As2Te3 nanosheets. Our results not only suggest these novel 2D semiconductors for the applications in energy storage/conversion, nanooptics and nanoelectronics systems, but may also be used to design novel superstretchable devices.
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